Introduction
Petroleum and petroleum products are the major source of energy for industry and daily life. the transport of petroleum across the world is frequent, and the amounts of petroleum stocks in developed countries are enormous. consequently, the potential for oil spills is significant, and research on the fate of petroleum in a marine environment is important in order to evaluate the environmental threat of oil spills, and to develop biotechnology to cope with them (15) . Petroleum and petroleum products spills contain relatively high concentrations of organic solvents, which are highly toxic to the majority of living organisms and they can be tolerated only by relatively few species, causing serious environmental problems (25, 45) . Microorganisms, particularly bacteria with detoxification abilities (i.e., mineralization and transformation of pollutants), play a crucial role in biogeochemical cycles and in sustainable development of the biosphere (7) .
organic solvents with the logarithm of the partition coefficient in n-octanol and water mixture (log P oW ) betweenusing 96-microwell plates (iwaki, london, United Kingdom) (13, 14) . isolation of iBB ct4 and iBB ct5 bacterial strains from seawater was carried out on M 9 -Mg medium (41) , using the enriched cultures method, with 1% (v/v) organic solvents as a single carbon source. The taxonomic affiliation of IBB ct4 and iBB ct5 isolated bacterial strains to Shewanella putrefaciens and Pseudomonas aeruginosa, respectively, was determined based on their phenotypic characteristics and also based on the G+c content of the bacterial chromosome (5) .
Adaptative response of Shewanella putrefaciens IBB Ct4 and Pseudomonas aeruginosa IBB Ct5 to toxic organic solvents Bacterial cells were cultivated in liquid lB-Mg medium (16) and incubated at 28°c on a rotary shaker (150-200 rpm) until exponential phase of growth (10 8 cFU ml -1 ) was reached. then, 1% (v/v) organic solvents (n-hexane, n-decane, toluene, styrene, xylene isomers, ethylbenzene, propylbenzene) were supplied in the culture liquid. Flasks were sealed and incubated for 24 h at 28°c on a rotary shaker (150-200 rpm). here, as elsewhere in this work, experiments were repeated at least two times.
the following methods were employed:
• Bacterial cells viability in the presence of organic solvents. Serial dilutions of culture liquid were spread on agar lB-Mg medium using the method of Ramos et al. (42) and the number of viable cells (cFU ml -1 ) was determined.
• Bacterial cells adhesion to organic solvents. Bacterial adhesion to organic solvents was determined using the method of Rosenberg et al. (44) . the bacterial adhesion to organic solvents was also studied on wet mount with an optical microscope.
• β-galactosidase activity in the presence of organic solvents. β-galactosidase activity was determined using the method of Miller (30) .
• Lipase and protease production in the presence of organic solvents. Bacterial cells were spotted on tributyrin agar medium (35) for lipolytic enzimes production and on wheat meal agar medium (37) for proteolytic enzimes production.
• Specific amplification of HAE1 (hydrophobe/ amphiphile efflux 1) gene fragment. the bacterial cells were lysed with tri-Reagent and the extraction of DnA was performed as recommended by the manufacturer (Sigma-Aldrich). After separation on 0.8% (w/v) tBe agarose gel and staining with fast blast DnA stain (BioRad) DnA was visualized. the content of DnA and purity were measured using the method of Sambrook et al. (46) . For PCR amplification, 2 μl of DNA extract was added to a final volume of 25 μl reaction mixture, that contained: 5XGoTaq flexi buffer, MgCl 2 , dntP mix, primer set (A24f2 5'-ccSRtittYGcitGGGt-3', A577r2 5'-SAiccARAiRcGcAtSGc-3') and Gotaq DnA polymerase (Promega). PcR was performed with a c1000 thermal cycler (Bio-Rad). PcR program consisted of an initial denaturation for 5 min at 94°c, followed by 35 cycles of 1 min at 94°c, 1 min at 50 and 52°C, 1 min at 72°C, and a final extension at 72°C for 5 min. After separation on 1.6% (w/v) tBe agarose gel and staining with fast blast DnA stain the PcR products were analyzed. extraction of plasmid DnA, from bacterial cells, was performed with qiagen plasmid mini kit as recommended by the manufacturer (qiagen) and by the alkaline lysis method (46) . After separation on 1.6% (w/v) tBe agarose gel and staining with fast blast DnA stain the plasmid DnA was analyzed.
DnA from the Shewanella putrefaciens iBB ct4 and Pseudomonas aeruginosa iBB ct5 was digested with the restriction enzyme EcoRi, as recommended by the manufacturer (Promega).
Biochemical reagents the following reagents: n-hexane (96% pure), toluene (99% pure), styrene (99% pure), o-xylene (99% pure), p-xylene (99% pure), propylbenzene (98% pure), were obtained from Merck (e. Merck, Darmstadt, Germany), n-decane (99% pure), m-xylene (98% pure), ethylbenzene (98% pure), were obtained from Sigma-Aldrich (Saint-quentin-Fallavier, France). other of the used reagents were procured from Merck, Sigma-Aldrich, Difco laboratories (Detroit, Michigan, USA), Promega (Promega Gmbh, Mannheim, Germany), bioMérieux (Marcy-l'etoile, France), Bio-Rad laboratories (Alfred nobel Dr., hercules, cA, USA) or qiagen (qiagen, hilden, Germany).
Results and Discussion
hydrocarbon-degrading microorganisms usually exist in very low abundance in polluted environments. Pollution by petroleum and petroleum products, however, may stimulate the growth of such organisms and may cause changes in the structure of microbial communities in the contaminated area. Identification of the key microorganisms that play roles in pollutant biodegradation is important for understanding, evaluation and development of in situ bioremediation strategies (4, 15, 19, 24, 33, 38, 47, 49, 55) .
Isolation and characterization of Shewanella putrefaciens IBB Ct4 and Pseudomonas aeruginosa IBB Ct5 strains Bacteria with specific metabolic capabilities, such as oil degradation, can be enumerated based on their ability to grow on selective media, using 96-well microtiter plate MPn procedure (14) . the number of total viable hydrocarbondegrading bacteria in seawater sample was between 10 6 and 10
10
, while the number of viable solvent-degrading bacteria was between 10 2 and 10 4 . isolation of iBB ct4 and iBB ct5 bacterial strains from seawater was carried out on selective M 9 -Mg medium, using the enriched cultures method, with 1% (v/v) organic solvents. the use of this minimal medium with organic solvents as single carbon source allowed the selective development of iBB ct4 and iBB ct5 bacterial strains. 
Assimilation of:
The taxonomic affiliation of bacterial strains was determined based on their phenotypic characteristics and also based on the G+c content of the bacterial chromosome ( Table 1) .
The identification result for IBB ct4 strain with API profile 1430154 and with G+c content of the DnA 44.5 mol% corresponded to Shewanella putrefaciens. The identification result for iBB ct5 strain with API profile 1374575 and with G+C content of the DnA 66.4 mol% corresponded to Pseudomonas aeruginosa. Both isolated bacteria belong to GammaProteobacteria. Previous studies (3) have reported that the dominance of Gamma-Proteobacteria is a characteristic of bacterial communities inhabiting environments contaminated with petroleum and petroleum products. the GammaProteobacteria constitutes a very large and diverse group of bacteria that exhibits enormous variety in terms of their phenotype and metabolic capabilities (12) .
Adaptative response of Shewanella putrefaciens IBB Ct4 and
Pseudomonas aeruginosa IBB Ct5 to toxic organic solvents Mechanisms enabling bacteria to survive otherwise toxic concentrations of organic solvents comprise: rigidification of the cell membrane, change in the membrane's protein content/ composition, active excretion of the solvent, adaptation of the energetic status, changes in cell wall and outer membrane composition, modification of the cell surface properties, morphological changes and metabolization or transformation of the solvent (2, 17, 20, 42, 49, 54) . While there is considerable number of studies on the mechanisms playing a potential role in solvent-tolerance in Pseudomonas strains, still there are no studies on the mechanisms playing a potential role in solventtolerance in Shewanella strains. to the best of our knowledge, there is no study to compare the effects of organic solvents on Pseudomonas and Shewanella strains. Adaptative response of Shewanella putrefaciens iBB ct4 and Pseudomonas aeruginosa iBB ct5 , 24 hours after toxic organic solvent (alkanes, aromatics) shock, was investigated in this study.
Bacterial cells viability in the presence of organic solvents
initially the tolerance of Shewanella putrefaciens iBB ct4 and Pseudomonas aeruginosa iBB ct5 to 1-10% (v/v) organic solvents was tested. After incubation for 24 h at 28°c on a rotary shaker (150-200 rpm), oD 660nm of culture liquids were determined. Both bacterial strains grew well (oD higher than 0.500) in lB-Mg medium in the presence of 1-5% (v/v) alkanes (n-hexane, n-decane) and 1% (v/v) aromatics (toluene, styrene, xylene isomers, ethylbenzene, propylbenzene) (data not shown). Shewanella putrefaciens iBB ct4 and Pseudomonas aeruginosa iBB ct5 were not able to tolerate benzene. Similar results were previously reported for other bacterial strains belonging to Pseudomonas genera isolated from polluted environments. According with literature (2, 40, 48) , each bacterium has its own intrinsic level of tolerance to organic solvents. the viability of Shewanella putrefaciens iBB ct4 and Pseudomonas aeruginosa iBB ct5 cells to organic solvents differs from one strain to another and even for the same bacterial strain, according to the nature of hydrophobic substrate ( Table 2) .
the toxicity of an organic solvent correlates inversely with its log P oW (19, 27) . this empirical log P oW toxicity rule is based upon the fact that organic solvents with lower log P oW values bind more abundantly to viable microbial cells (1) . Any microorganism may grow in the presence of organic solvents whose log P oW values are equal to or higher than a certain value (2). Both bacterial strains presented a higher viability (cFU ml -1 = 10 5 -10 8 ) when growth was done in the presence of alkanes (n-hexane, n-decane), with log P OW between 3.86 and 5.98, compared with the viability of the bacterial cells (cFU ml -1 = 10 2 - 10 7 ) grown in the presence of aromatics (toluene, styrene, xylene isomers, ethylbenzene, propylbenzene), with log P oW between 2.64 and 3.69. Shewanella putrefaciens iBB ct4 cells presented lower viability (cFU ml -1 = 10 2 -10 6 ) when growth was done in the presence of 1% (v/v) organic solvents, compared with the viability of Pseudomonas aeruginosa iBB ct5 cells (cFU ml -1 = 10 3 -10 8 ), when growth was done in the presence of the same organic solvents. Bacterial cells adhesion to organic solvents these tests are among the most commonly used ones for the quantification of the hydrophilic/hydrophobic balance of bacterial surfaces, although it is well recognized that they only indicate an overall reactivity, without any emphasis on the local contributions (11) . Shewanella putrefaciens iBB ct4 and Pseudomonas aeruginosa iBB ct5 cells adhered to organic solvents microdroplets (Fig. 1) that resulted from mechanical dispersion, causing the decrease of the turbidity in the aqueous phase. Both bacterial strains adhered to organic solvents, forming stable, long-lasting emulsions. Bacterial cells presented higher (10.9-44.6%) hydrophobicity when the growth was done in the presence of alkanes (n-hexane, n-decane), compared with cell hydrophobicity (1.2-20.2%) when the growth was done in the presence of aromatics (toluene, styrene, xylene isomers, ethylbenzene, propylbenzene) ( Table  2 ). This was confirmed by the optical microscope observations (Fig. 1) . Shewanella putrefaciens iBB ct4 cells presented lower value of cell hydrophobicity (1.2-15.4%) when growth was done in the presence of 1% (v/v) organic solvents, compared with the hydrophobicity of Pseudomonas aeruginosa iBB ct5 cells (5.6-44.6%) when growth was done in the presence of the same organic solvents. cell adhesion to the surfaces of organic droplets hinders droplet coalescence (9) . Vigorous mixing by vortexing breaks the organic phase into many droplets, which can coalesce upon collision, resulting in a dynamic equilibrium that generates a distribution of droplet sizes. When the frequency of collision is very low, due to a small relative amount of the dispersed phase, or when coalescence is hindered, coalescence makes little contribution to the size distribution, and it is instead determined by vesicle fission. During the bacterial adhesion to organic solvents test (44) , hydrophobic cells immediately adhere to droplets formed by fission of the organic phase during vigorous mixing. this prevents the droplets from coalescing and stabilizes the emulsion. Because bacterial cells only hinder coalescence and do not cause droplet fission, an excessive volume of the organic phase causes inefficient breakdown and reduces the efficiency of emulsion formation (18) .
β-galactosidase activity in the presence of organic solvents Both, Shewanella putrefaciens iBB ct4 and Pseudomonas aeruginosa iBB ct5 were β-galactosidase-positive. The level of β-galactosidase activity was measured for bacterial cells incubated without organic solvents (control) and for cells incubated for 24 hours in the presence of 1% (v/v) organic solvents ( Table 2 ). β-galactosidase activity measurements revealed that the lacZ gene was induced in Shewanella putrefaciens iBB ct4 and Pseudomonas aeruginosa iBB ct5 grown in the presence of 1% (v/v) organic solvents. organic solvents induced β-galactosidase activity in Shewanella putrefaciens iBB ct4 to a level between 2.3 and 5.3 times greater than the basal level; and in Pseudomonas aeruginosa iBB ct5 to a level between 2.5 and 6.3 times greater than the basal level. Similar results were previously obtained by Kieboom et al. (23) for Pseudomonas putida S12 grown in the presence of toluene.
Lipase and protease production in the presence of organic solvents the capacity of Shewanella putrefaciens iBB ct4 and Pseudomonas aeruginosa iBB ct5 to produce lipolytic and proteolytic enzymes in the absence (control) and in the presence of 1% (v/v) organic solvents was tested (Fig. 2) . in order to grow in media containing fats (tributyrin) as single carbon sources, bacteria must secrete lipolytic enzymes. in order to grow in media containing wheat meal, bacteria must secrete proteolitic enzymes. Bacteria can survive in media containing organic solvents only if they are solvent-tolerant. however, if extracellular enzymes are not stable in the presence of organic solvents, they will be inactivated in media containing organic solvents and the bacteria which produce them will not be able to grow in such media (36) . lipolytic enzymes were produced by Shewanella putrefaciens iBB ct4 cells just in barely detectable quantities, compared with lipolytic enzymes produced by Pseudomonas aeruginosa iBB ct5 , when they were grown in the presence of 1% (v/v) organic solvents. Proteolitic enzymes were produced by both Shewanella putrefaciens iBB ct4 and Pseudomonas aeruginosa iBB ct5 cells incubated in the presence of 1% (v/v) organic solvents. the proteolitic enzymes were produced in higher quantity by Pseudomonas aeruginosa iBB ct5 cells, compared with the proteolitic enzymes produced by Shewanella putrefaciens iBB ct4 . According with literature, solvent-stable enzyme produced by solvent-tolerant strains is much stable in the presence of organic solvents than in their absence. it is expected that the solvent-tolerant bacteria and the solvent-stable enzyme produced by this strain can be used as catalysts for reactions in the presence of organic solvents (36) . (lanes 1-7) and Pseudomonas aeruginosa iBB ct5 (lanes 8-14); control (lanes 1, 8) , n-hexane (lanes 2, 9) , n-decane (lanes 3, 10) , toluene (lanes 4, 11), styrene (lanes 5, 12), p-xylene (lanes 6, 13), propylbenzene (lanes 7, 14) 
Specific amplification of HAE1 (hydrophobe/amphiphile efflux 1) gene fragment
The metabolic flexibility of bacteria is related to their genetic adaptability (26, 43) . Substantial decrease of petroleum hydrocarbons in different environments was related to a greater presence of catabolic genes (i.e., alkB -alkane monooxygenase; ndoB -naphthalenedioxygenase; xylEcatechol-2,3-dioxygenase). Since many of these catabolic genes can be carried by plasmids, it was unclear whether the number of organisms containing these genes increased, or if the number of genetic elements present in the community increased (50) . the genes responsible for alkanes and aromatics biodegradation pathways are usually arranged in clusters (operons) in mobile genetic elements (e.g., plasmids or transposons) (7, 8, 39) . Gene clusters contain catabolic genes (encode enzymes for catabolic pathways), transport genes (responsible for active uptake of the compound) and regulatory genes (adjust expression of the catabolic and transport genes to the presence of the compound to be degraded) (6, 7) .
According with literature (10, 17, 24, 32, 40, 48) microorganisms have developed various mechanisms to resist the lethal effects of organic solvents. one of the most relevant of these mechanisms is the active reduction of their entry into the cell through the action of membrane efflux pumps, which belong to the group of multidrug resistance pumps (40) . These efflux pumps extrude a broad range of structurally unrelated synthetic and natural chemicals and thus constitute an effective barrier against organic solvents (10) . to determine whether efflux pumps of RND (resistance, nodulation, and cell division) family were present in Shewanella putrefaciens iBB ct4 and Pseudomonas aeruginosa iBB ct5 cells it was performed an amplification reaction with oligonucleotides A24f2 and A577r2 (Fig. 3a) . These primers were specifically designed (29) to amplify the hAe1 family of transporters, which includes all the known drug-or solvent-resistant RnD transporters plus 60 hypothetical transporters. in order to reduce biases in template/product ratios occurring due to the use of degenerate primers, inosine residues were incorporated into the primers at some degenerate positions. other studies have suggested that interactions of inosine with the four natural bases exhibit different binding energies, although the differences were much less than the differences between the proper Watson-crick base pairs and mismatch pairs (29) .
Both PcR with Shewanella putrefaciens iBB ct4 and Pseudomonas aeruginosa iBB ct5 DNA resulted in amplification of the expected 550 bp fragment. Unspecific amplification of other fragments was also present (Fig. 3a) . Similar results were obtained when PcR was performed, using the same program, but with annealing at 50°c and 52°c (data not shown).
the results obtained in this study indicated that Pseudomonas aeruginosa iBB ct5 is more tolerant to toxic organic solvents than Shewanella putrefaciens iBB ct4 , although both bacterial strains posses hAe1 transporter genes (Fig. 3a) and harbor plasmids (Fig. 3b) . in the case of Pseudomonas aeruginosa iBB ct5 , genomic DnA (data not shown) and plasmid DnA were highly contaminated with polysaccharides (oD 258nm /oD 230nm was between 1.60 and 1.96) which appear like large dark blue spots on agarose gel stained with fast blast DnA stain (Fig. 3b) . As recommended by the manufacturer (Bio-Rad,http://www3.bio-rad.com/lifeScience/pdf/ Bulletin_4110153A.pdf), positively charged dye molecules, such as in the thiazin family of dyes, are attracted to and are binding to the negatively charged phosphate groups on DnA molecules. even with that, it is presumed by us that the dye is also binded to polysaccharides which appear like large dark blue spots on agarose gel. in order to check this idea, genomic DnA was digested with the restriction enzyme EcoRi. the large dark blue spots still appeared on agarose gel after enzymatic digestion (data not shown). According with literature (34), the polysaccharides isolated from various Gram-negative bacteria (belonging to Pseudoalteromonas and Shewanella genera) are distinguished by the acidic character (e.g., due to the presence of hexuronic and aldulosonic acids and their derivatives) and the occurrence of unusual sugars, including n-acyl derivatives of 6-deoxyamino sugars, such as nacetyl-D-quinovosamine, n-acetyl-l-fucosamine and n-acetyl-6-deoxy-l-talosamine, and higher sugars like 2,6-dideoxy-2-acetamido-4-c-(3'-carboxamide-2',2'-dihydroxypropyl)-D-galactopyranose (shewanellose). Many constituent sugars have various uncommon non-sugar substituents, such as alanine, formic, lactic and hydroxybutyric acids, sulfate, phosphate, and 2-aminopropane-1,3-diol (34) .
Conclusions
the adaptation mechanisms, underlying solvent tolerance in Shewanella putrefaciens iBB ct4 and Pseudomonas aeruginosa iBB ct5 showed a complex response of bacterial cells to the presence of 1% (v/v) organic solvents in the culture medium. Further studies will be carried out on this topic. the high tolerance of Shewanella putrefaciens iBB ct4 and Pseudomonas aeruginosa iBB ct5 cells to organic solvents (alkanes and aromatics) indicated them as potential candidates to be used in biotechnological applications of heavily contaminated sites.
